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Climate warming is inevitable. The atmospheric temperature is rising by 1.8-4.0°C by the end of this century because of inevitable climate warming, and the warming is expected to be greatest over land and at higher northern latitudes (Hedhly and Hormaza 2009) . Summers in recent years have been warmer than all summers dating back to the year of 1400 (Tingley and Huybers 2013) . Lobell and Burke (2010) predicted that an increase of 2°C would reduce maize grain yield by more than 10%. The optimum growth temperature for maize grain filling is 27-32°C (Commuri and Jones 1999) . During maize growth, high temperature (32°C or higher) was the primary cause of aborted grains, shortening of grain filling duration, and blocked starch deposition, leading to reduction of grain yield, particularly in tropical and temperate zones (Barnabas et al. 2008) . High temperature during grain filling also alters the cereal grain quality. In general, heat stress decreases the starch content of the grain, increases protein content, enlarges starch granule size, and increases the proportion of long chains in the amylopectin, resulting in an increase in pasting temperature and deterioration of the pasting viscosity (Tester and Karkalas 2001; Wang and Frei 2011; Thitisaksakul et al. 2012 ). The effects of heat stress on the pasting properties of flour were more severe when they occurred early in the grain filling stage than late (Zhang et al. 2006 (Zhang et al. , 2008 Dong et al. 2011; Liu et al. 2011; .
Waxy maize is a unique type of maize characterized by starch comprising 100% amylopectin. It is grown as a cash crop in Southeast Asia for fresh consumption, and it is consumed, similar to sweet maize, as cooked green ears and sold as canned or frozen maize grains and as frozen maize ears in markets in great quantities with the improvement in the standard of living (Lertrat and Thongnarin 2008) . Fresh waxy maize is harvested after the grain has developed, approximately 20 days after pollination (DAP), depending on genetics and growth environment. The grain nutrient content changes with postponement of the harvest date (Liu et al. 2009; Simla et al. 2010) , and the eating quality of the grain is affected by high temperature during grain filling . The objective of the present study was to better understand the effect of a short duration of heat stress after pollination on the grain yield and eating quality of fresh waxy maize, to offer a reference for waxy maize cultivation in warm conditions.
MATERIALS AND METHODS
Plant Material and Growth Conditions. Two varieties of fresh waxy maize, Suyunuo5 and Yunuo7, were used in this study. These varieties were used as control varieties in the south China regional maize test and are widely planted in China.
Seeds were sown on July 1 and transplanted to plastic pots on July 5, 2012. Two plants were placed in each pot. One plant was retained at the jointing stage. Each plastic pot measured 42 cm in height and 38 cm in diameter and was loaded with 30 kg of sieved sandy loam soil. The plants were provided with a basal dressing of 10 g per pot (commercial fertilizer, N/P 2 O 5 /K 2 O = 15%/15%/15%) at transplanting and a top dressing of 6 g per pot (commercial urea, N concentration = 46%) at the jointing stage.
After artificial pollination, plants were moved to the greenhouse for high temperature treatments. The plants were exposed to high temperature from 1 to 10 (early stage) or from 11 to 20 (late stage) DAP. Each treatment included 10 pots. The average daily temperature of the greenhouse was 35/18°C (day/night). Outdoor conditions, with temperatures of 29/18°C (day/night), were used as the control treatment. From 6:00 p.m. of the previous day to 6:00 a.m. of the following day, the door and windows of the greenhouse were left open to ensure that the indoor temperature at night was identical to that outdoors.
Grain Yield Determination. Plants in all treatments were harvested at 23 DAP. Grain numbers per ear were counted, and then the grains were manually stripped from the cobs; subsequently, 100 fresh grain weight (g) and fresh grain yield (g/plant) were determined. After grain yield determination, a portion of fresh grains was dried in a hot air oven at 100°C for 12 h for dry grain weight and moisture content analysis. Moisture content (%) = 100 × (1 -dry grain weight/fresh grain weight). All measurements were performed in triplicate.
Flour Preparation. After oven drying at 40°C for five days, grains were ground with a grinder (FW100, Taisite, China) and passed through a 100-mesh (0.149 mm) sieve for determination of pasting and thermal properties.
Starch Isolation. Fresh grains (100 g) were steeped in 500 mL of distilled water containing 1 g/L sodium hydrogen sulfite (1 g/L SO 2 ) for 48 h at room temperature. Starch was isolated from grains following a method described previously (Lu and Lu 2012) .
Grain Components Analysis. Soluble sugar and starch contents in the grain were determined with an anthrone-sulfuric acid method (Hansen and Møller 1975) . Nitrogen content was determined with the Kjeldahl method (AACC International Approved Method 46-10.01). Protein content was evaluated from the nitrogen content (protein content = nitrogen content × 6.25). All measurements were performed in triplicate.
Starch Granule Size and Size Distribution. Starch granule size was analyzed with a laser diffraction particle size analyzer (Mastersizer 2000, Malvern, England) . Instrument accuracy was verified with Malvern standard glass particles. The instrument operates on the principle of laser light scattering and can measure objects between 0.1 and 2,000 µm. Size distribution is expressed in terms of volume of equivalent spheres. The criterion selected was the percentage volume of granules following the standard Fig. 1 . Effects of heat stress at 1-10 and 11-20 days after pollination (DAP) on grain water content (A), number (B), dry weight (C), and fresh yield (D) of fresh waxy maize.
proposed by Ji et al. (2003) . All measurements were performed in triplicate.
X-ray Diffraction (XRD) Pattern. XRD patterns of the flours were obtained with an X-ray diffractometer (D8 Advance, Bruker-AXS, Germany). The diffractometer was operated at 200 mA and 40 kV. The scanning region of the diffraction angle (2q) ranged from 3 to 40°at a step size of 0.04°with a count time of 0.6 s. The relative crystallinity (%) was calculated as the percentage ratio of the sum of total crystalline peak areas to that of the total diffractogram (sum of total crystalline and amorphous peak areas) with Jade 6 software (Materials Data, U.S.A.).
Iodine Staining. The maximum absorption wavelength (l max ) and iodine binding capacity of starch were measured according to the method described by Fiedorowicz and Rebilas (2002) , with minor modifications, as described by .
Pasting Properties. The pasting properties of flour (28 g total weight; 10%, w/w, db) were evaluated with a rapid viscosity analyzer (3D, Newport Scientific, Australia) following the previously described method ; all measurements were performed in duplicate.
Thermal Properties. The thermal characteristics of the flours were studied with a differential scanning calorimeter (200 F3 Maia, Netzsch, Germany) following the previously described method ; all measurements were performed in duplicate.
Statistical Analysis. The data were subjected to ANOVA with the LSD test at the 5% probability level using the DPS 7.05 data processing system (Tang and Feng 2007) .
RESULTS
Grain Yield. Heat stress decreased grain water content in both varieties, and the decrease was more significant when heat stress was introduced at 11-20 DAP in Yunuo7 (Fig. 1A) . Grain number was only decreased when Suyunuo5 was exposed to high temperature at 1-10 DAP (Fig. 1B) . Grain weight in Suyunuo5 was not affected by heat stress. In Yunuo7, grain weight was increased by heat stress, and the increase was more obvious when high temperature was imposed at 11-20 DAP (Fig. 1C) . Fresh grain yield in Yunuo7 was not affected by heat stress. Suyunuo5 exposed to high temperature showed lower grain yields but no difference between the two heat stress stages (Fig. 1D) .
Grain Composition. In both varieties, soluble sugar content was decreased by heat stress at 11-20 DAP but was not affected by heat stress at 1-10 DAP ( Fig. 2A) . Compared with the control, starch content was not affected by heat stress at 1-10 DAP, and it was increased by heat stress at 11-20 DAP in both varieties (Fig.  2B ). In Suyunuo5, protein content was not affected by heat stress; in Yunuo7 it was not affected by heat stress at 1-10 DAP but was decreased when plants were exposed to high temperature at 11-20 DAP (Fig. 2C) .
Starch Granule Size Distribution. Heat stress during grain filling increased the average granule size for both varieties. The increase was higher in Yunuo7 with early-stage than with late-stage heat stress, whereas no difference was observed between the two heat stress treatments in Suyunuo5 (Fig. 3) . Heat stress decreased the percentage of starch granules with a diameter smaller than 13 µm in both varieties (Table I) . For the starch granules with diameters between 13 and 17 µm, the percentage was only increased when Yunuo7 was exposed to high temperature at the early stage, whereas the percentage was decreased when Suyunuo5 was exposed to heat stress at the late stage. The percentage of starch granules with a diameter higher than 17 µm was increased by heat stress, especially at the early stage.
Iodine Staining. The starch l max and iodine binding capacity ranged from 533.5 to 538.2 nm and from 0.527 to 0.566, respectively, indicating its typical waxy character (Table II) . Heat stress at 1-10 DAP did not influence the l max and iodine binding capacity in Suyunuo5, whereas those two parameters decreased in Yunuo7. However, heat stress at 11-20 DAP increased the l max and iodine binding capacity in both varieties, indicating the higher proportion of long chains in the amylopectin.
Crystallinity. All samples displayed an A-type XRD pattern. Crystallinity increased in Suyunuo5 and decreased in Yunuo7 when plants were exposed to high temperature at 1-10 DAP. Heat stress at 11-20 DAP increased the crystallinity of both varieties (Fig. 4) .
Pasting Properties. Pasting characteristics under different treatments are shown in Table III . Heat stress increased the trough, final, and setback viscosities in both varieties, and the increase was higher when high temperatures were introduced at 11-20 DAP. Peak viscosity and pasting temperature increased in both varieties with heat stress at 11-20 DAP. The responses of these two parameters to heat stress at 1-10 DAP were variety dependent; peak viscosity and pasting temperature increased in Suyunuo5 but were not affected in Yunuo7. Early-stage heat stress decreased the breakdown viscosity for both varieties, but late-stage heat stress decreased breakdown viscosity in Suyunuo5 and increased it in Yunuo7.
Thermal Properties. The gelatinization enthalpy (DH gel ) was decreased by heat stress at 1-10 DAP in both varieties. It was decreased in Yunuo7 and not affected in Suyunuo5 by heat stress at 11-20 DAP (Table IV) . The gelatinization temperatures (onset [T o ], peak [T p ], and conclusion [T c ]) were increased by heat stress at 11-20 DAP in both varieties, similar to the pasting temperature observed by rapid viscoanalysis. The gelatinization temperatures in Yunuo7 were not affected by heat stress at 1-10 DAP. Heat stress at 1-10 DAP decreased the T p but did not affect the T o and T c in Suyunuo5.
After the gelatinized samples were stored at 4°C for one week, retrogradation occurred. The retrogradation enthalpy (DH ret ) was increased by heat stress during grain filling. In Suyunuo5, the increase was more obvious when plants were exposed to high temperature at 11-20 DAP, whereas in Yunuo7 the increase was similar between the two heat stress stages. The high DH ret under heat stress treatments led to a high retrogradation percentage (%R). Both heat stress treatments produced a similar increase in %R in Suyunuo5, but early-stage heat stress produced higher %R in Yunuo7 than late-stage heat stress. z HS = heat stress, and DAP = days after pollination. Values in the same column followed by different letters are significantly different (P < 0.05). z HS = heat stress; DAP = days after pollination; and l max = maximum absorption wavelength. Values in the same column followed by different letters are significantly different (P < 0.05).
DISCUSSION
Heat stress decreased grain number and fresh grain yield, particularly at the early grain development stage. The early grain development stage is a key stage for division and differentiation of endosperm cells, and plants exposed to high temperature at this stage may experience metabolic disturbances, leading to grain abortion Jones 1999, 2001) . A similar result was observed for mature waxy maize (Lu et al. 2014 ). In field production of fresh waxy maize, the temperatures in the last 11 days of July 2012 and from July 23 to August 18, 2013, were continuously higher than 35°C (data provided by the Yangzhou City Meteorological Observatory), which reduced waxy maize grain yield by more than 50% compared with maize sown in early June. Heat stress accelerated the rate of grain dehydration, and grain water content was lowest when plants were exposed to high temperature at 11-20 DAP, indicating that the grain filling rate was accelerated and that the harvest date of fresh waxy maize should be ahead of schedule, because the optimum harvest stage is water content between 59 and 64% (Liu et al. 2009 ). Grain water content in Suyunuo5 was lower than in Yunuo7 under all treatments, indicating its higher grain filling rate; its harvest date should be earlier than Yunuo7 under similar growth conditions. Grain dry weight of Suyunuo5 was not affected by heat stress, but it was increased in Yunuo7; the increase was more obvious when high temperature was introduced at 11-20 DAP. High temperatures accelerate physiological and biochemical reactions in grains, which increase the grain filling rate (Cairns et al. 2012 ). The lower water content under heat stress also supports this conclusion.
Soluble sugar content in both varieties was decreased by heat stress at 11-20 DAP but was not affected by heat stress at 1-10 DAP. The lower soluble sugar content under heat stress at 11-20 DAP may be explained by the fact that sugar is the substrate of starch synthesis, and as heat stress accelerates the grain filling rate, the amount of soluble sugar transferred to starch was gradually decreased as grain filling proceeded (Liu et al. 2009; Simla et al. 2010; Lu et al. 2011) . Starch content was increased by heat stress at 11-20 DAP in both varieties. This result was contrary to those reviewed by Wang and Frei (2011) , who described that starch content was decreased by heat stress in maize, wheat, and barley. Plants were harvested at the milk stage (23 DAP) in our study, and the high starch content under heat stress may have been caused by the high grain filling rate. Low soluble sugar content and high starch content indicate a decrease in grain sweetness and tenderness (Simla et al. 2010) , which can decrease the eating quality. Therefore, to improve eating quality in fresh waxy maize production, it is important to avoid high temperature during grain filling, either by z HS = heat stress, and DAP = days after pollination. Values in the same column followed by different letters are significantly different (P < 0.05). z DH gel = gelatinization enthalpy; T o = onset temperature; T p = peak gelatinization temperature; T c = conclusion temperature; DH ret = retrogradation enthalpy; %R = retrogradation percentage; HS = heat stress; and DAP = days after pollination. Values in the same column followed by different letters are significantly different (P < 0.05).
altering the sowing date or by harvesting earlier. In the present study, the protein content of Suyunuo5 was not affected by heat stress, and in Yunuo7 it was only decreased in response to heat stress at 11-20 DAP. This difference between the varieties may be because of their different filling rate (Lu et al. 2011 ). Thitisaksakul et al. (2012 reported that high temperature during grain filling increased the mean starch granule size, because the small granules were more easily affected than large ones. In the present study, it was observed that high temperature during grain filling increased the starch granule size of fresh waxy maize, and the increase was more obvious in Yunuo7 when plants were exposed to early-stage heat stress. A similar result was observed in mature waxy maize starch . Yan et al. (2008) observed that heat stress at 15-19 DAP had a stronger effect on wheat starch granule size than heat stress at 5-9 DAP. The different results may because small starch granules develop after 15 DAP in wheat (Yin et al. 2012) or because the starch granules in fresh waxy maize were still developing (Lu et al. 2011) . The large granule size and high proportion of large granules (diameter >17 µm) under heat stress could be attributed to high temperatures accelerating the progress of grain filling, because maize starch granule size gradually increases with grain development (Li et al. 2007; Jiang et al. 2010; Lu et al. 2011) . Alternatively, it may be that heat stress suppresses the development of some newly formed starch granules, resulting in transfer of substrate to existing starch granules (Hurkman et al. 2003) .
All samples displayed an A-type XRD pattern, similar to our previous results on waxy maize flour harvested in the fresh state and at maturity , and indicating that heat stress does not change the diffraction pattern of grain flours. Crystallinity was increased in Suyunuo5 and decreased in Yunuo7 when plants were exposed to high temperature at 1-10 DAP. Heat stress at 11-20 DAP increased the crystallinity of both varieties, contrary to previous results on waxy maize harvested at maturity ). The flour under this treatment may have accumulated higher starch content as the grain filling rate accelerated.
The l max and iodine binding capacity were only slightly decreased by heat stress at 1-10 DAP but were increased by heat stress at 11-20 DAP, indicating that the proportion of long chains in the amylopectin decreased and increased, respectively (Fiedorowicz and Rebilas 2002) . Heat stress during the early developmental stage may disturb starch biosynthesis, whereas at the late grain filling stage it may only alter the deposition rate (Wilhelm et al. 1999) . Thitisaksakul et al. (2012) indicated that heat stress increases the proportion of long chains in amylopectin by decreasing the activity of starch branching enzymes, which reduces starch branching (Hurkman et al. 2003) .
In wheat and rice, several studies observed that heat stress during grain filling decreased the peak and breakdown viscosity of the flour; the deterioration in eating quality was more severe when plants were exposed to high temperature at the early stage (Zhang et al. 2006 (Zhang et al. , 2008 Dong et al. 2011; Liu et al. 2011) . The lower pasting characteristics under heat stress at 1-10 DAP than at 11-20 DAP observed in our study also demonstrated this conclusion. However, in the present study, we observed that peak viscosity was higher in plants exposed to high temperature at 11-20 DAP and that it was increased by heat stress at 1-10 DAP only in Suyunuo5. These results are contrary to those reported in our former study, in which heat stress was applied during the entire grain filling stage of fresh waxy maize and during 10 or 15 heat stress days in mature waxy maize flour (Lu et al. , 2014 , and to the studies on mature rice or wheat flours (Zhang et al. 2006 (Zhang et al. , 2008 Dong et al. 2011; Liu et al. 2011) . The grain was harvested at the fresh stage (23 DAP), and the short heat stress at 11-20 DAP may have increased the grain filling rate and also increased starch content, starch granule size, and flour crystallinity. Our former studies also reported that grain harvested at 30 DAP presented higher peak and breakdown viscosities than grain harvested at 20 DAP (Lu et al. 2011 ). The response of pasting properties to heat stress was variety dependent, similar to our previous results and to reports on rice flour (Zhong et al. 2005) ; this different response offers a basis for selecting the proper varieties for cultivation under warm conditions. In this study, the peak viscosity in Suyunuo5 under control and heat stress at 1-10 DAP was higher than in Yunuo7, indicating its superior sticky texture.
Our previous study reported that heat stress during grain filling decreased the DH gel . In the present study, DH gel in both varieties was decreased by heat stress at 1-10 DAP, and the response to heat stress at 11-20 DAP was variety dependent. Similar results have been reported for other crops (Tester and Karkalas 2001; Zhong et al. 2005) . Some researchers have observed that heat stress increases the gelatinization temperature of rice (Zhong et al. 2005) , wheat (Matsuki et al. 2003) , normal maize (Lu et al. 1996) , and waxy maize Lu et al. , 2014 , similar to the results reported here for plants exposed to high temperature at 11-20 DAP. In the present study, the %R was increased by heat stress, and the increase was more severe when plants were exposed to high temperature at 1-10 DAP in Yunuo7. The high gelatinization temperature and %R under heat stress at 11-20 DAP may be because the grain under this treatment had a high starch content, large average starch granule size, and high proportion of long chains in amylopectin (Jane et al. 1999; Singh et al. 2010; Zhou et al. 2010 ). Thus, planters should adjust the sowing time to avoid high temperature during the grain filling stage, especially early grain development. The lower percentage of retrogradation in Yunuo7 indicates its advantages in producing frozen cobs or grains.
CONCLUSIONS
Heat stress during grain filling decreased grain number and led to a reduction in fresh grain yield, especially when it was applied at 1-10 DAP. Heat stress at 11-20 DAP accelerated the grain filling rate, present as high starch content and low water and soluble sugar contents. Grain dry weight and protein content in Suyunuo5 were not affected by heat stress but were increased and decreased, respectively, in Yunuo7 in response to heat stress at 11-20 DAP. Heat stress at 11-20 DAP increased the starch granule size and iodine binding capacity. Starch granule size was also increased by earlystage heat stress, but the iodine binding capacity was only decreased in Yunuo7. Crystallinity was increased by heat stress at 11-20 DAP, but its response to early-stage heat stress was variety dependent. High temperature at 11-20 DAP increased the grain filling rate, resulting in flour with high peak viscosity, high pasting and gelatinization temperatures, and high retrogradation percentage. High temperature at 1-10 DAP increased the retrogradation percentage, whereas its effect on pasting properties was variety dependent. The lower water content under the heat stress treatment indicated that the plants should be ready for harvest ahead of schedule. Higher peak viscosity indicates the sticky texture, but high starch content, high retrogradation percentage, and low soluble sugar content make the grain unsuitable for frozen food and for people who prefer it mildly sweet and tender. 
